Maintaining tight control over body fluid and acid-base homeostasis is essential for human health and is a major function of the kidney. The collecting duct is a mosaic of two cell populations that are highly specialized to perform these two distinct processes. The antidiuretic hormone vasopressin (VP) and its receptor, the V2R, play a central role in regulating the urinary concentrating mechanism by stimulating accumulation of the aquaporin 2 (AQP2) water channel in the apical membrane of collecting duct principal cells. This increases epithelial water permeability and allows osmotic water reabsorption to occur. An understanding of the basic cell biology/physiology of AQP2 regulation and trafficking has informed the development of new potential treatments for diseases such as nephrogenic diabetes insipidus, in which the VP/V2R/AQP2 signaling axis is defective. Tubule acidification due to the activation of intercalated cells is also critical to organ function, and defects lead to several pathological conditions in humans. Therefore, it is important to understand how these "professional" proton-secreting cells respond to environmental and cellular cues. Using epididymal proton-secreting cells as a model system, we identified the soluble adenylate cyclase (sAC) as a sensor that detects luminal bicarbonate and activates the vacuolar proton-pumping ATPase (V-ATPase) via cAMP to regulate tubular pH. Renal intercalated cells also express sAC and respond to cAMP by increasing proton secretion, supporting the hypothesis that sAC could function as a luminal sensor in renal tubules to regulate acid-base balance. This review summarizes recent advances in our understanding of these fundamental processes. aquaporin 2; vacuolar ATPase; intercalated cell; principal cell; kidney; epididymis IT HAS BEEN KNOWN FOR MANY years that the major functions of collecting duct principal cells and intercalated cells (Fig. 1) can be regulated by the recycling of aquaporin 2 (AQP2) and the vacuolar H ϩ -ATPase (V-ATPase), respectively, between cytoplasmic vesicles and the plasma membrane (1, 26, 28, 40, 54, 67, 85, 142) . A considerable amount of the earlier data illuminating these processes was generated using readily accessible model epithelial systems such as the toad urinary bladder (48, 83, 140) and the turtle bladder (3, 127, 128) , in which cellular function and morphology could be correlated with measurements of water flux and acid-base transport. More recently, a variety of in vitro cell culture models have replaced the toad bladder as an experimental system for water channel trafficking and function. This review will show how cell cultures have provided novel and important information on aquaporin 2 trafficking that has been translatable to the in vivo situation and has allowed the development of strategies to bypass the vasopressin (VP)/vasopressin type 2 receptor (V2R) signaling axis that is defective in nephrogenic diabetes insipidus (NDI). We will go on to demonstrate how the epididymis and vas deferens (from the male reproductive tract) have proven to be powerful and accessible model proton-secreting epithelia that have provided new insights into the regulation of intercalated cells in the kidney collecting duct (21).
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Aquaporin 2 Water Channel Trafficking
The aquaporin 2 water channel (AQP2) is the gatekeeper of water permeability in renal collecting duct principal cells (42) . It accumulates in the apical plasma membrane of these cells (Fig. 1) under the action of the antidiuretic hormone VP and allows the osmotic extraction of water from the lumen into the renal interstitium in both cortical and medullary regions of the kidney (47, 88, 114) . In the cortex, water flow out of the lumen is driven by a gradient between the dilute luminal fluid and an isotonic interstitium, while in the medulla the tubular fluid equilibrates osmotically with a hypertonic interstitium. At the cellular level, apical water permeability is regulated by the insertion and removal of AQP2 to and from the apical plasma membrane. Basolateral membranes in different collecting duct segments are believed to be constitutively water permeable due to the presence of AQP3 and/or AQP4 ( Fig. 1) (55, 134) . One interesting sidebar is that AQP2 itself is also expressed basolaterally in principal cells. In some regions such as the inner medulla, the level of basolateral expression can be equal to or greater than apical expression (36, 89, 137) . Whether this basolateral AQP2 is key for water permeability of the cells or whether it has an additional biological function is not resolved. However, recent data from our group and others have shown that AQP2 is an integrin-binding protein via the RGD domain located in its second extracellular loop. While it has been proposed that integrin modulates AQP2 expression (133) , we have shown that it is also involved in cell migration during tubulogenesis (34) .
How does AQP2 accumulate in the apical membrane of principal cells when the body needs to reduce water loss in the urine? Under conditions in which the serum becomes slightly hypertonic or when a loss of volume is detected by various sensing mechanisms in the circulatory system and in the brain, the hormone VP is released from the posterior pituitary and interacts with basolateral vasopressin type 2 receptors (V2R) in principal cells (14) . The V2R is a canonical G protein-coupled receptor (GPCR), which activates adenylyl cyclase via a G s ␣ protein, and increases intracellular cAMP levels (53) . This results in activation of protein kinase A (PKA), which leads to phosphorylation of AQP2 on a serine 256 residue in its cytoplasmic COOH terminus (41, 59) as well as other COOH-terminal residues whose function is incompletely understood (50, 82, 106 ). As will be described in more detail below, activation of the V2R leads to a dual effect on AQP2 recycling by increasing exocytosis and decreasing endocytosis. Together, these processes lead to a significant accumulation of AQP2 in the apical membrane, resulting in increased water permeability of the collecting duct epithelium.
Role of Both Exocytosis and Endocytosis in AQP2 Membrane Accumulation
On the basis of earlier evidence from amphibian model systems, isolated perfused collecting ducts, and in vivo studies, it was proposed that VP acted by stimulating water channel insertion into the apical plasma membrane by VP-induced exocytosis of cytoplasmic vesicles (29, 45, 48, 57, 100, 141) . While a modeling study in 1993 proposed that both the exocytotic and the endocytotic arms of the pathway were likely to be involved in the process leading to membrane accumulation of water channels (64) , most attention was focused on the exocytotic pathway as the main regulatory event in the onset of VP action (141) . However, the modeling predictions implicating the importance of regulated endocytosis were subsequently verified by experimental evidence. Notably, simply blocking endocytosis in AQP2-expressing cells in culture resulted in membrane accumulation of AQP2 in the absence of any hormonal stimulus. This was first achieved by coexpressing dominant negative dynamin, a GTPase that is necessary for clathrin-mediated endocytosis, in cultured cells (129) . Subsequently, use of the drug methyl-␤-cyclodextrin (MBCD), which reduces membrane cholesterol content and blocks clathrin-mediated endocytosis (110) , confirmed this effect, but on a much more rapid (10 -15 min) time scale after administration (72) . Remarkably, there was no detectable difference in the extent of AQP2 membrane accumulation between cells treated for 15 min with VP and cells treated for 15 min with MBCD. Not only is AQP2 recycling constitutively, but the rate of recycling is sufficient to result in a massive membrane accumulation of the water channel upon inhibition of endocytosis. This effect was then shown in principal cells in situ, following treatment of isolated, perfused rat kidneys with MBCD (112) .
Is a blockade of endocytosis involved in VP-induced membrane accumulation of AQP2? Yes-we showed that VP treatment of AQP2-expressing cells causes the water channel to become resistant to endocytosis. In fact, when the V2R and AQP2 are expressed in the same membrane domain in cultured cells, the V2R is removed from the membrane by clathrinmediated endocytosis while AQP2 in the same membrane does not enter clathrin-coated pits and remains at the cell surface (18) . We found that phosphorylation of AQP2 at the S256 residue prevents its direct interaction with heat shock proteins 70 (hsc/hsp70), which are central regulators of clathrin-mediated endocytosis (73) . Importantly, expression of dominant negative hsc70 in AQP2-expressing cells results in membrane accumulation to a similar extent as that caused by expression of dominant negative dynamin. Other groups also confirmed this interaction with heat shock proteins 70, and showed that phosphorylation of AQP2 prevents the assembly of an endocytotic complex that is required for endocytosis (82, 148) . Phosphorylated AQP2 also interacts with a protein called MAL (myelin and lymphocyte-associated protein), which could contribute to an inhibition of AQP2 internalization (58) . Finally, inhibition of cyclooxygenase-2 (COX-2) has also been associated with a decrease in AQP2 endocytosis in various animal models of polyuria, including bilateral ureteral obstruction and lithium-induced polyuria (see below) (35, 60, 92) .
The discovery that blockade of endocytosis is sufficient to induce membrane accumulation of AQP2 has been important for envisaging novel therapeutic measures that might increase urinary concentrating ability in the disease, NDI.
Nephrogenic Diabetes Insipidus
Diabetes insipidus (DI) from various causes results in the production of copious amounts of dilute urine, in excess of 15 liters per day in the most severe cases (12) . It is commonly caused by a defect in the VP/V2R pathway in the collecting duct principal cells, but it can have other causes that include defective proximal tubule water reabsorption and inability to generate a hypertonic medullary interstitium (11, 16) . The concentrating capacity of the collecting duct is low in the absence of VP, and one form of DI results from an absence of biologically active hormone. This is known as Central DI, and it is commonly treated by administration of VP via, for example, a nasal spray. In contrast, nephrogenic DI (NDI) occurs when the kidney is refractory to VP. Acquired forms of NDI are quite frequently encountered, the most common of which occurs in about 20% of patients receiving lithium treatment for bipolar disorder (135) . Lithium induces a dramatic downregulation of AQP2 in principal cells, such that they no longer express adequate amounts of this critical water channel (78) . The molecular mechanism of AQP2 downregulation is not fully understood, but it may involve inhibition of the GSK signaling pathway (66, 87, 147) . Other acquired causes of NDI include hypokalemia, hypercalcemia, ureteral obstruction, and secondary hyperaldosteronism (25) . Hereditary NDI is less common (about 1:200,000 live births); 90% of the cases are mutations in the V2R, while 10% result from AQP2 gene mutations (13) . The V2R form is X-linked, affecting mostly the male population, while the AQP2 form is autosomal recessive and, infrequently, autosomal dominant. The reader is referred to excellent reviews in which the various forms of acquired and hereditary DI are discussed in more detail, including a description of the genetic mutations in AQP2 and the V2R that are found in the human population (13, 71, 116) .
NDI is not fatal per se if compensatory hydration is possible, but in inherited forms of the disease, early symptoms in infants include fever, vomiting, anorexia, growth retardation, and developmental delay that can result in serious health issues later in life, including even mental retardation in untreated cases. Some NDI patients may ultimately require dialysis or transplantation. Current treatment regimes for NDI, including a low-sodium diet and thiazide diuretics, are only partially successful in reducing the production of large volumes of urine. These strategies induce volume depletion, in an attempt to lower glomerular filtration rate and increase proximal fluid reabsorption via ANG-II stimulation. Thus, there is less delivery of fluid to the collecting duct, resulting in a lower urine output. However, some studies indicate that there may also be a more direct effect of thiazides to increase water permeability of collecting duct principal cells (30, 76) .
Bypassing Defective V2R Signaling
The search for alternative therapeutic approaches to treat both acquired and inherited forms of NDI has resulted in some promising findings in the laboratory setting. Such strategies are based on the need to bypass the defective VP/V2R signaling pathway and induce VP-independent apical membrane accumulation of AQP2 in collecting duct principal cells. While this review will necessarily focus on work carried out in our own laboratory (summarized in Fig. 2 )-which was the subject of the Davson Lecture-several other groups are involved in this quest, and their important contributions will be folded into the discussions as appropriate.
Calcitonin -An Alternative GPCR Receptor Ligand That Increases AQP2 Membrane Accumulation and Urine Concentration
One obvious strategy to stimulate VP/V2R-independent AQP2 trafficking is to increase intracellular cAMP in principal cells by an alternative means. An antidiuretic effect of activating the calcitonin (CT) receptor with its ligand calcitonin was suggested many years ago (39) . This receptor is present in several tissues, but its major effect is on the kidney (79, 117) . CT stimulates the activity of adenylyl cyclase in various segments of the urinary tubule, including the thick ascending limb (TAL), distal convoluted tubule (DCT), and the cortical collecting duct (31, 32) . On the basis of these data, we calcitonin-receptor signaling via cAMP to induce AQP2 phosphorylation via PKA, and membrane accumulation of AQP2; 2) the cGMP-mediated pathway that is activated by phosphodiesterase (PDE5) inhibition using sildenafil (Viagra); AQP2 phosphorylation in this case occurs via PKG; and 3) statinmediated actin cytoskeleton depolymerization that results in AQP2 membrane accumulation. By inactivating RhoA, simvastatin depolymerizes actin and inhibits AQP2 endocytosis, leading to plasma membrane accumulation. AC, adenylyl cyclase. reevaluated the effect of CT on AQP2 membrane accumulation in both cell cultures and in VP-deficient Brattleboro rats in vivo (see Fig. 2 ). We found that, as expected, CT treatment of LLC-PK1 cells expressing AQP2 resulted in a significant increase in intracellular cAMP levels, and plasma membrane accumulation of the water channel (19) . This effect, therefore, mimicked that of VP and was also blocked by the PKA inhibitor H-89. A mutated form of AQP2 that lacks the important PKA target site (called AQP2-S256A) did not accumulate on the membrane in response to CT. These data provided proof of principle that CT can mobilize AQP2 in a manner similar to VP. Next, we applied CT (100 nM) to slices of kidney incubated in vitro and found that AQP2 accumulated on the apical membranes of principal cells in situ, in kidney tissue. Finally, VP-deficient Brattleboro rats were implanted with Alzet osmotic minipumps delivering 2 mU (312 pg)·min Ϫ1 ·100 g body wt Ϫ1 , and the effect on urine concentration was determined. Within 4 h of treatment, a significant reduction in urine output was measured, together with an increase in urine osmolality. After 12 h, the amount of urine produced was only 33% of that in the control group, and the osmolality had more than doubled. This effect wore off over the next 24 h, and their urinary output returned to that of the controls. They did, however, respond positively to a second hormone treatment given a few days later.
These data are encouraging, and show that increasing cellular cAMP via activation of an alternative GPCR-the calcitonin receptor-not only stimulates AQP2 membrane accumulation, but also increases the urine-concentrating ability of VP-deficient rats. The use of Brattleboro rats is important in such studies to eliminate the possible effect of endogenous VP on any treatment being envisaged. This alternative hormonal strategy has potential advantages and disadvantages. A major advantage is that calcitonin is approved for use in humans, and it will affect only those cells expressing an appropriate receptor. Therefore, it will not cause a global increase in cAMP in many cells in the body, as would be the case for a cAMP phosphodiesterase inhibitor, for example. However, the potential effects of long-term CT treatment on other organ systems, bone, for example, is unclear, especially in infants and children. Finally, the effect seems short-lived, since urine-concentrating ability of the rats diminished over time, despite the continued delivery of CT from the implanted minipumps. Further studies need to be aimed at optimizing the dose and treatment regime to maximize the duration of the antidiuretic effect without inducing unwanted side effects and without inducing significant receptor downregulation.
cGMP Phosphodiesterase Inhibition With Sildenafil Citrate (Viagra)
An earlier study from our laboratory showed that cGMP could induce AQP2 phosphorylation at the crucial S256 site, and that protein kinase G could phosphorylate AQP2 in vitro (17) . Increasing cGMP levels in cells using sodium nitroprusside (SNP, an NO donor), L-arginine (a precursor of NO), and atrial natriuretic factor (ANF) all resulted in AQP2 membrane accumulation both in cell cultures and in slices of rat kidney tissue incubated in vitro. The effect of ANF on mobilization of AQP2 was confirmed in a subsequent study in vivo (145) . All of these manipulations were proposed to work via stimulation of guanylate cyclase activity, thereby increasing cGMP concentration within the cells (Fig. 2) . On the basis of these data, we examined the effect of cGMP-specific phosphodiesterase (mainly PDE5) inhibitors on AQP2 distribution in cells (Fig.  2) , notably 4-{[3=,4=-(methylenedioxy)benzyl]amino}-6-methoxyquinazoline (MBMQ) and sildenafil citrate (Viagra), and found that both caused a significant plasma membrane accumulation of AQP2 in cell cultures (20) . The next step was to test the agents on principal cells in tissue slices in vitro. It had been reported previously that PDE5 is expressed in principal cells, and indeed we showed that PDE5 inhibition had the desired effect of causing AQP2 apical plasma membrane accumulation. As for the calcitonin study, we then tested the effects of Viagra on Brattleboro rats in vivo. Upon immunocytochemical examination of the kidneys, AQP2 was clearly increased in the apical membrane of collecting duct principal cells in these rats in the outer medulla but not in the cortex or inner medulla. Disappointingly, however, there was only a small and nonsignificant increase in urine-concentrating ability throughout a 6-day testing period. We attribute this at least in part to the vasodilatory effect of Viagra increasing renal blood flow, and potentially having an adverse effect on the establishment of a medullary interstitial gradient. However, a very recent study has reported that over a 2-to 4-wk time frame, sildenafil/Viagra reverses the polyuria seen in lithium-treated rats, in part by upregulating levels of AQP2 and the UTA1 urea transporter in the renal medulla (115) .
On the basis of earlier studies in mice, it was proposed that blocking cAMP degradation using rolipram, a specific inhibitor of a cAMP phosphodiesterase, may work to cause AQP2 membrane accumulation (51) . This is a reasonable hypothesis based on the known V2R signaling pathway, but the target of rolipram has a more ubiquitous cellular expression than the PDE5 target of sildenafil and may cause undesired effects throughout the body. Nonetheless, inhibiting cAMP degradation in hypercalcemic mice ameliorated their polyuria and increased aquaporin expression (144) . In humans, however, rolipram administration was not successful in increasing urine concentration in a limited number of subjects with NDI (15) . The use of PDE inhibitors remains attractive, but this strategy will certainly require more work to find a way to circumvent the unwanted effect of these drugs on the renal vasculature and other organ systems.
Statins Mobilize AQP2 Trafficking and Increase Urinary Concentrating Ability
The hypothesis that statins might be effective in increasing the membrane accumulation of AQP2 in principal cells and lead to increased urine-concentrating ability derived from our combined understanding of statin and AQP2 biology. They are related by the involvement of the actin cytoskeleton in the process of VP-mediated AQP2 trafficking. It has been known for many years, from early work on the toad urinary bladder, that the actin cytoskeleton is remodeled upon VP-induced increase in epithelial cell water permeability (49, 56, 99) . Furthermore, immunogold studies in collecting ducts showed that VP-induced actin depolymerization occurred mostly at the apical pole of principal cells, where AQP2 was found to accumulate in later studies (126) . A series of reports then clearly demonstrated that simply depolymerizing actin caused membrane accumulation of AQP2, even in the absence of VP stimulation (63, 131, 132) . This could be achieved by inhibiting the function of the RhoA signaling cascade. Conversely, preventing actin depolymerization by activating RhoA prevented AQP2 membrane accumulation. Some studies have shown that actin and actin-associated proteins interact with AQP2 to regulate its trafficking (91, 130) . We have found that VP treatment depolymerizes actin only in cells that express AQP2, implying that the water channel somehow catalyzes this process (146) . Indeed, a phosphorylation-dependent interaction between AQP2 and the actin-binding protein tropomyosin 5b may be at least partially responsible for this effect (90) .
Statins are therapeutic agents that block the synthesis of cholesterol by inhibiting a key enzyme involved in this process, 3-hydroxy-3-methylglutaryl coenzyme A reductase (118) . This enzyme is also involved in the production of isoprenoids, which are precursors of lipids that are required for the association of several proteins, including small GTPases, with membranes. By preventing or reducing the isoprenylation of RhoA, statins inhibit its activity, resulting in actin depolymerization (77) . Since actin polymerization is important for endocytosis in various systems, we hypothesized that statins could induce AQP2 membrane accumulation by inhibiting the endocytotic arm of its recycling pathway, as described above (Fig. 2) . It had been shown previously that statins inhibit endocytosis of FITC-albumin in proximal tubule cells in culture (125) . When applied to cell cultures, we found that simvastatin induced a significant membrane accumulation of AQP2 within 60 min of exposure of the cells (70) . This effect was far too rapid to be explained by a statin-induced reduction in membrane cholesterol, which requires several hours of statin exposure (107), and was not, therefore, mechanistically similar to the rapid effect of the cholesterol-depleting drug MBCD (see above). In fact, we showed that RhoA activity is rapidly inhibited in statintreated cells, and that this is accompanied by actin depolymerization and an inhibition of endocytosis (70) . An effect of another statin, lovastatin, on AQP2 membrane accumulation was shown by others after more chronic (days) exposure of cultured cells (101) . We next treated rat kidney tissue slices with simvastatin in vitro and also found that AQP2 accumulated in the apical plasma membrane of principal cells. Finally, homozygous Brattleboro rats were treated with simvastatin by intraperitoneal injection (to give a calculated plasma concentration of 200 M). Within 4 h of treatment, they showed an almost doubling of urinary concentration, and they produced half as much urine as vehicle-treated controls.
In combination with results from others showing a similar effect of lovastatin on urine concentration in normal mice (102) , these data provide compelling evidence that a blockade of AQP2 endocytosis can be harnessed to increase urineconcentrating ability, perhaps ultimately in humans. There are of course several caveats before such therapy can be translated to the human condition. The dose of statin is high, and nonspecific effects on the endocytosis of other important proteins in the kidney and other organs are possible. The risk of inducing serious muscle pathologies in humans also increases with greater statin levels in the blood. Nonetheless, these encouraging results show proof of principle and provide guidance for future work in this area.
One general consideration with some strategies is that it is not clear whether the amount of AQP2 expressed by principal cells in NDI patients will be sufficient to allow any antidiuretic effect without a parallel increase in AQP2 protein expression. Thus, a successful therapeutic treatment may need to combine drugs that stimulate both targeting and expression of AQP2. That being said, the short-term effect of statins in VP-deficient rats, which do express lower levels of AQP2 in their kidneys, is encouraging in this respect.
Other Potential Strategies for Modulating AQP2 Trafficking
Basic research on the VP/V2R/AQP2 pathway has led to consideration of other novel approaches as potential therapeutic avenues for the treatment of urine concentration defects, in addition to the current thiazide/low-sodium diet treatments. These will not be discussed in detail here, but they include the development of chemical or peptide chaperones that allow mistargeted (but otherwise functional) V2R to be delivered to the plasma membrane of principal cells (108, 109) . This would be useful in cases of congenital X-linked NDI in which point mutations in the V2R lead to a misfolded protein that cannot leave the rough endoplasmic reticulum or the Golgi. COX-2 inhibitors have also been shown to prevent or reduce the downregulation of AQP2 and Na-K-Cl cotransporter (NKCC2) that occurs in lithium-treated rats, and to increase their urineconcentrating ability compared with nontreated animals (60). This class of drugs inhibits the production of prostaglandins, which can reduce or inhibit the effect of vasopressin on urinary concentration (60) . The effects of PGE2 on the urinary concentration mechanism are, however, complicated by the presence of at least four receptor subtypes through which PGE2 can act. In fact, stimulation of the EP4 prostanoid receptor with a specific agonist, ONO, partially ameliorated the effect of V2R knockout in mice (69), probably by increasing intracellular cAMP levels. Furthermore, prostanoid receptor agonists such as butaprost (EP2 agonist) and CAY10580 (an EP4 agonist) can also mobilize AQP2 to the cell surface and increase urine concentration in a rat model of NDI (93) . Finally, lithiuminduced NDI can be attenuated in rats with the administration of amiloride to block the entry of lithium into principal cells through the epithelial sodium channel (65) .
V-ATPase Regulation in Proton-Secreting Cells
Several organ systems in the body contain very specialized cells in which the V-ATPase is highly expressed at the cell surface, where it plays a critical role in acidifying the extracellular milieu (23) . This is in addition to its well-known "housekeeping" role in acidifying intracellular organelles such as endosomes, lysosomes, and parts of the Golgi network (80) . For many years, we have been involved in studies aimed at elucidating the regulation of intercalated cells in the kidney, and of so-called clear cells in the epididymis and vas deferens. Intercalated cells respond to systemic acid-base variations by increasing or decreasing proton secretion into the collecting duct lumen (7, 9, 142) . Clear cells, on the other hand, acidify the lumen of the epididymis, a process that is required for sperm maturation and storage (22, 124) . In both of these cell types, a major factor that regulates proton secretion is the actual amount of V-ATPase in the plasma membrane. This is determined by a balance between exocytosis and endocyto-sis of characteristic vesicles that contain large amounts of V-ATPase in their limiting membranes. In this respect, the regulation of protein secretion resembles the trafficking and membrane accumulation of AQP2 to regulate water permeability, as described above. However, so far the extent to which the exo-and endocytotic arms of the V-ATPase recycling process are coregulated to cause cell surface accumulation of this pump remains unknown.
The Epididymis As a Model Proton-Secreting Epithelium
Throughout the history of renal physiology, major advances in our understanding of kidney function and dysfunction have been made using model organisms and tissues, such as the amphibian and turtle urinary bladder, Caenorhabditis elegans, Drosophila, and zebrafish to mention but a few. They all provide specific experimental advantages over the direct use of renal tissues. Over the past few years, we have shown that use of the epididymal tubule has contributed to many significant observations that have improved our understanding of how epithelial cells in the kidney sense and control local and systemic acid-base balance (24) . This is, of course, in addition to the important information that has been obtained that is directly relevant to male reproductive physiology (123, 124) . The epididymis is a powerful model system in which luminal acidification can be studied in the intact tissue, while epithelial cells reside in their native environment. The lumen of parts of the epididymal tubule and the vas deferens have a large diameter (between 150 and 400 m) and are, therefore, much more accessible than the renal collecting duct, whose lumen diameter is approximately 10 -20 m (Fig. 3) . This allows for the study of the epithelium by luminal factors via technically relatively simple in vivo/in situ perfusion. As mentioned above, the epididymal tubule and renal collecting duct contain similar V-ATPase-rich proton-secreting cells , clear and intercalated cells, respectively (Fig. 3) (21, 22) . While studying the regulation of clear cells by luminal factors, we gained significant knowledge on how V-ATPase-dependent proton secretion in renal intercalated cells is regulated, and this information is now being applied directly to the kidney itself.
Intercalated Cell Function in Acidosis and Alkalosis
Intercalated cells are the critical mediators of urine acidification and proton secretion by the kidney. Located in the late distal tubule, connecting tubule, and collecting duct, they "sense" body acid-base status and adjust their capacity to secrete protons in a way that provides fine control of systemic acid-base balance (8, 113, 121, 138, 142) . There are two types of intercalated cell: type A cells (A-IC) are proton-secreting cells that are found throughout the "distal" nephron and collecting duct, and type B cells (B-IC), which can be either acid or base secreting cells, are found exclusively in the cortical regions of these tubular segments (138) . A-IC express an apical V-ATPase and basolateral Cl Ϫ /HCO 3 Ϫ exchanger AE1, while B-IC express basolateral V-ATPase (but see below) and a different apical Cl Ϫ /HCO 3 Ϫ exchanger, pendrin (4, 27, 111) . Cells with the appearance of A-IC are more common after acid loading in laboratory animals, and cells with the appearance of B-IC are more common (but only in the cortex) in alkalotic animals (8, 75, 113) . In assessing the "phenotype" of ICs under these conditions by immunostaining, it is clear that there is considerable plasticity of function and transporter distribution between these cells (8, 27, 119, 121) , which has resulted in a nomenclature that includes an intermediate intercalated cell subtype, often referred to as a non-A, non-B cell because they express apical V-ATPase, apical pendrin, and no basolateral AE1 (61, 62) . Furthermore, some ICs appear to have little or no plasma membrane V-ATPase; it is mostly located on intracellular vesicles. These cells might be in the process of moving V-ATPases from one membrane domain to the other, and they have been caught (by fixation) in the middle of this transition. They also might be A-IC or B-IC that have been inactivated (by removal of cell surface V-ATPase) by alkalosis or acidosis, respectively. Thus, we believe that the presence or absence of AE1 or pendrin should be the predominant criterion used to classify A-IC and B-IC. A growing body of evidence from the Al-Awqati group and collaborators indicates that the extracellular matrix protein hensin is necessary for the development of A-IC in mouse kidney (2) . In hensin knockout mice, the intercalated cells are either mostly pendrin-expressing B-IC in the cortex, or an apparently novel type of intercalated cell with intermediate characteristics in the medulla, expressing the V-ATPase, but neither pendrin nor AE1 (43) . These mice have, as expected, severe metabolic acidosis due to the paucity of proton-secreting A-IC in their kidneys. In vitro studies on perfused tubules also suggest that hensin is involved in the short-term adaptation of IC to acid or base secretion (120). As , and have endocytosed Texas-red dextran that was infused directly into the tubule lumen, producing a yellow color at the apical pole where overlap occurs. Adjacent principal cells also endocytose the dextran but to a lesser degree. In the inset, two collecting ducts from the medullary inner stripe of a rat kidney contain intercalated cells that are basolaterally stained to show the AE1 Cl Ϫ /HCO 3 Ϫ exchanger (yellow/ orange). The rat was infused via the jugular vein with FITC-dextran (10,000 MW), which enters the tubule lumen and is avidly internalized at the apical pole of the type A intercalated cells (A-IC; green). Adjacent principal cells show some, but less, uptake of the dextran. Surrounding thick ascending limbs of Henle show spots of perinuclear AE1 staining that corresponds to the Golgi area. Insights into the regulation of proton secretion using the male reproductive tract have provided important information that can also be extended to kidney intercalated cell function. technology develops, it will be interesting to monitor, in real time, a single IC in situ in the process of adapting to an acid or base challenge.
Regulation of Proton Secretion by Soluble Adenylyl Cyclase: Lessons From the Epididymis
As discussed above, intercalated cells are equipped to respond rapidly to changes in acid-base status of the body. However, the sensing mechanisms that they use to survey their environment are poorly understood. These cells are exposed to luminal fluid, whose composition varies with metabolic and hydration status, and they are simultaneously exposed to interstitial fluid at their basolateral, blood-facing surface. How they monitor and respond to cues from apical and basolateral surfaces is an intriguing physiological issue. It is here that the use of the epididymal system has provided important insights, because this tubular organ can be easily perfused, either in vitro or in situ, with fluids containing drugs, hormones or ionic and pH compositions of choice. This can, of course, be achieved using isolated perfused renal tubules, but this is technically much more demanding, and data analysis is more difficult due to the small size of the tubule.
Using the epididymis, we showed that proton-secreting clear cells respond to an increase in luminal pH from its normal acidic value of 6.5 up to the slightly alkaline 7.8 (both in phosphate-buffered saline) by accumulating V-ATPase on their apical membrane, and by extending long, fingerlike projections (microvilli) that are enriched in the V-ATPase (94). A similar effect was induced by perfusing the epididymis with a bicarbonate buffer compared with phosphate buffer at the same pH. Importantly, microvillar extension and V-ATPase accumulation, which are correlated with increased proton secretion, was prevented by infusing the lumen with catechol estrogen, an inhibitor of the soluble adenylyl cyclase, sAC. This study provided the first evidence that sAC could be a luminal pH/bicarbonate sensor that could regulate the activity of proton-secreting epithelial cells. Previous studies by the Levin/ Buck group had identified sAC as an enzyme whose cyclase activity is stimulated directly by bicarbonate, with further regulation by intracellular calcium to increase its bicarbonate sensitivity (33, 136) . Immunocytochemical studies showed that sAC is expressed at high levels in clear cells compared with the surrounding principal cells (94) , consistent with its central role in proton secretion by this cell type. In the epididymis, the physiological role of this mechanism is to maintain the lumen at the low pH that is necessary for sperm maturation and storage. In the same epithelium, epididymal principal cells secrete bicarbonate during sexual arousal to activate sperm (122, 124) . Proton secretion by clear cells balances this alkalinization, and restores luminal pH to its resting acidic state. Thus, clear and principal cells work together to provide a suitable environment for sperm storage, but also allow the sporadic priming of sperm for fertilization while still in the epididymal tubule (124) .
Because of the involvement of an adenylyl cyclase, a rise in intracellular cAMP was suspected to be the mediator of increased proton secretion. Indeed, perfusion of the epididymal lumen with permeant cAMP analogs also stimulated clear cells, even at acidic pH when they would normally be quiescent (94) . A subsequent study showed that PKA was involved in this process and not the alternative cAMP-activated protein, Epac (95) .
Soluble Adenylyl Cyclase, cAMP, and V-ATPase Regulation in Kidney Intercalated Cells
On the basis of these initial observations in the epididymis, we went on to show that sAC is also highly expressed in both A-IC and B-IC in the kidney. Its localization showed significant overlap with the V-ATPase in these cells, including at the basolateral pole of B-IC (96) . This tight colocalization suggested that the two proteins might cooperate in the proton secretion activity of intercalated cells. An interaction was confirmed using coimmunoprecipitation assays, but it is currently not known whether the association is direct or indirect. Other acid-base transporting proteins including the electroneutral Na ϩ -HCO 3 Ϫ cotransporter NBC3 are also complexed with the V-ATPase (104), but whether sAC is part of the same complex is also unknown.
There is at present no direct evidence showing that an elevation in luminal HCO 3 Ϫ increases V-ATPase membrane accumulation and proton secretion by A-IC. However, acetazolamide treatment of rats causes a marked increase in apical V-ATPase and sAC in these cells. It also results in a greatly increased apical surface area due to extension and growth of V-ATPase-labeled microvilli (6) . This carbonic anhydraseinhibiting drug causes systemic metabolic acidosis by blocking HCO 3 Ϫ reabsorption in the proximal tubule, thus increasing distal delivery and potentially increasing the sAC activity in A-IC. The activation of A-IC observed under these conditions is an appropriate response to correct the acidosis.
We further examined the pathway by which renal intercalated cells are activated, by infusing cell-permeant cAMP into rats. Morphological studies showed that A-IC in such animals develop an elaborate network of microvilli/microplicae at their luminal pole, together with an increased density of V-ATPase in the membrane domain (97) . Thus, these data closely resemble those from the epididymal clear cell model. Finally, a fluorescence-based intracellular pH recovery assay using isolated collecting ducts showed that cAMP increased functional protein secretion by these cells (97) . Subsequent correlated functional and immunocytochemical studies have shown that the cAMP effect on proton secretion is mediated by both PKA and PKC, although the crosstalk between these two pathways remains to be dissected in detail (143) .
Isolated Intercalated Cells From B1-Enhanced Green Fluorescent Protein-Expressing Mice
In collaboration with Raoul Nelson and Lance Miller, we generated a novel transgenic mouse that expresses soluble enhanced green fluorescent protein (EGFP) in proton-secreting cells, driven by the promoter of the V-ATPase B1 subunit (B1-EGFP mice) (Fig. 4) (81) . Previous work had shown that the B subunit, which forms part of the catalytic V1 domain of the V-ATPase, has two distinct isoforms known originally as the kidney isoform (B1) and the brain isoform (B2) (86, 103) . The B1 variant is highly expressed in kidney intercalated cells and epididymal clear cells, whereas the B2 isoform is considered to be a more ubiquitous housekeeping isoform that is associated with acidification of intracellular organelles. This distinction is not absolute, however, because we showed that the B2 isoform can at least partially compensate for the loss of B1 in B1-knockout mice, to allow urine acidification and epididymal function to be maintained, at least under nonstressed, baseline conditions (38, 98) . Furthermore, the B2 isoform is also expressed at the plasma membrane in some other cell types, including renal proximal tubule cells (86) and osteoclasts (68) .
The B1-EGFP mice, which express EGFP in intercalated cells (Fig. 4) and epididymal clear cells, has allowed these cells to be isolated by FACS and examined in the absence of potentially confounding systemic conditions. In this way, we used spinning disk confocal microscopy to study the regulation of single, isolated A-IC in vitro and found that cAMP induces a dramatic elaboration of "microvilli," which in some cases are several microns in length (Fig. 5) (97) . The intracellular mechanisms involved in the growth of these remarkable microvilli/ microplicae structures is not yet understood. However, intercalated cells (and epididymal clear cells) express large amounts of the actin-regulating protein gelsolin (74) , and this protein is involved in regulating the plasma membrane accumulation of V-ATPase in these cells in the epididymis (10) . One unusual feature of these extensions is that they do not appear to contain significant amounts of polymerized actin (10, 123) . In this respect, the mechanism of formation appears to be quite different from, for example, the rapid formation of actin-rich projections that appear during platelet activation (46) .
Role of V-ATPase Phosphorylation in cAMP-Mediated Trafficking
In a manner similar to the regulation of AQP2 trafficking by phosphorylation of COOH-terminal residues, it is likely that posttranslational modification is also involved in V-ATPase trafficking and/or function. There are some reports in the literature describing phosphorylation of selected V-ATPase subunits, and their role in membrane accumulation of V-ATPase. These include PKA-mediated phosphorylation of the A subunit in HEK-293 cells, which occurs at residue S175 (5, 44) . Mutation of the A subunit to preclude phosphorylation interfered with its cell surface localization in these cells, and an S175D mutation to mimic constitutive phosphorylation resulted in increased acidification of the culture medium (5). The C and A subunits are also phosphorylated by PKA in the blowfly salivary gland during stimulation of trafficking to the membrane (105, 139) . There are other scattered reports of V-ATPase subunit phosphorylation of the B2 isoform by AP50 (a clathrin assembly protein) (84) , and of the Arabidopsis V-ATPase C-subunit by a With No Lysine (K) (WNK) kinase (52) . We reported data from a large-scale proteomic screening of V-ATPase subunit phosphorylation sites, showing that several subunits including a2, B2, G3, H, and A contain putative target sites for several kinases including PKA, PKG, AKT, ATM, and CKI (97) . Dissecting the relevance of all of these sites to various signaling events and to V-ATPase function will, of course, require a considerable amount of work as we move forward.
Proteomics Analysis of Kidney and Epididymal ProtonSecreting Cells
Our ability to harvest a pure population of EGFP-expressing proton-secreting epithelial cells by FACS from the kidney and the epididymis provided a unique opportunity to perform a full proteomic analysis on these cell types. In collaboration with Mark Knepper and Trairak Pisitkun at the National Institutes of Health (NIH), and Nicolas Da Silva in our own program, we determined the proteomic signature of epididymal clear cells and renal intercalated cells from the collecting duct and connecting segments of the mouse kidney (37) . The idea behind this study was to provide a framework to inform future studies on specific proteins and pathways that are common to the proton-secreting function of these cells. The identified proteins were compared with those expressed in EGFP-negative cells from their respective tissues. In addition, by comparing proteins that are selectively expressed in these cells from different organs, we sought to identify those that might have a more tissue-specific function. In summary, we found about 200 proteins in the EGFP-positive cells that were not detectable in the negative cell population, and of these about 25% were common to both EGFP-cell populations from the two organs. This indicates that these are indeed different cells that have evolved to perform the same proton-secreting function.
A description of these proteins is beyond the scope of this review, but the complete list of proteins that were identified in the proteomic screen is publicly available (http://dir.nhlbi.nih. gov/papers/lkem/kevcpd/). A discussion of some of the more interesting proteins that were identified, including gelsolin, the progesterone receptor Pgrmc1, and the PKA-binding protein Lrba, can also be found in our published article (37) .
Summary
Over the past decade or so, our understanding of aquaporin 2 biology and V-ATPase trafficking in intercalated cells has advanced owing to the efforts of many outstanding investigators in these research areas. The regulation of both proteins occurs in large part by modulating their trafficking to and from the plasma membrane, via modulation of exocytosis and endocytosis. Experimental data have revealed that AQP2 constitutively traffics to and from the cell surface, and that blocking endocytosis is sufficient to induce membrane accumulation and increased epithelial water permeability. It is likely, but not definitively proven, that a similar dual regulatory pathway occurs for the V-ATPase. Also, phosphorylation of AQP2 and V-ATPase is mediated by PKA and probably other kinases to regulate protein interactions involved in their trafficking. The use of a variety of cell culture models and in situ systems has enabled us to accelerate progress in these areas. In particular, the epididymis/vas deferens has proven to be a remarkable system in which to dissect V-ATPase trafficking in protonsecreting epithelial cells. Our findings using this organ have so far been directly applicable to intercalated cells in the kidney, and have of course also provided valuable information on the importance of epididymal epithelial cell function in male fertility.
This review is based mainly on the work from the laboratories of the coauthors, which was presented by one of us (D. Brown) in the 2011 Davson Distinguished Lecture at the Experimental Biology Meeting in Washington, DC. It is not meant to be a comprehensive review of the literature. As such, we apologize to those investigators who have made many important contributions to the fields of fluid homeostasis and acid-base balance whose work is not adequately presented here.
